ABSTRACT Diploid clones homozygous (mt+/mt+ or mtf/mtC) or heterozygous (mt+/mf; phenotypically mt-) for the mating-type locus and homoplasmic for a chloroplast marker conferring resistance to an antibiotic were isolated by artificially induced cell fusion or sexual mating. These diploids were crossed with haploid or diploid strains of opposite mating type and carrying another chloroplast marker. The transmission of the chloroplast genes was analyzed in the triploid and tetraploid zygospores in comparison with diploid zygospores used as controls. The transmission was almost exclusively maternal (mt+) (>94%) in the crosses mt+ X mt-, mt+/mt+ X mtf, and mt+/mt+ X mt/mC. The transmission was preferentially maternal (>76%) in the crosses mt+ x mt-/ mt-whereas in the crosses mt+ X mt+/mtC, <50% of the zygospores transmitted the chloroplast allele of maternal (mt+) origin.
In Chlamydomonas reinhardtii, the mating type is determined by alleles (mt+ or mt-) at a nuclear gene locus. The non-Mendelian genes thought to reside in the chloroplast DNA are inherited almost exclusively from the mating type plus (mt+) or maternal parent: >95% of the zygotes (zygospores) produce haploid offspring all of the maternal genotype (uniparental maternal or UPm zygotes). A few exceptional zygotes transmit to their progeny chloroplast alleles from both parents (biparental or BP zygotes) or more rarely only the alleles from the mating type minus (mt-) or paternal parent (uniparental paternal or UPp zygotes).
When diploid gametes, genotypically mt+/mt-and phenotypically mt-(mt-being dominant over mt'), are crossed with haploid mt+ gametes, triploid zygotes are obtained that, in >50% of cases, transmit the chloroplast alleles from both parents or from the paternal one (1, 2) . So, as proposed by Gillham (1) , the mt+ allele, which is recessive with respect to mating-type specificity, appears to be dominant with respect to the transmission of chloroplast genes.
An alternative explanation was suggested by Birky (3) . Considering that a zygote contains a population of chloroplast DNA molecules transmitted from both parents with an average input frequency of 0.5 for each parental allele, repeated stochastic events can act to eliminate the DNA copies from one parent or the other in the absence of a directional force tending to eliminate the paternal DNA copies preferentially. Thus, uniparental zygote clones would result from a random drift of gene frequency from 0.5 (input frequency) to 0 or 1.0 (output frequency) in individual zygotes. Birky (3) suggested that, in a cross mt+/mt-diploid x mt+ haploid, the output frequencies of chloroplast genes in the zygote clones would be biased in favor of progeny carrying the chloroplast allele derived from the diploid parent because the diploid parent provides a 2-fold higher input of chloroplast DNA molecules (4) and chloroplast nucleoids (5, 6). As expected, one observes a lower frequency of UPm zygotes.
Several arguments plead in favor of a direct relationship between parental chloroplast-allele input frequencies at the time of gametic fusion and the output frequencies of these alleles as reflected in the UPm/BP/UPp ratio. (i) When mt+ Chlamydomonas cells are grown in the presence of 5-fluorodeoxyuridine for several days prior to mating, the number of intact chloroplast DNA copies is selectively reduced and, in parallel, the frequency of UPm zygospores (7) or UPm vegetative zygotes dividing mitotically (8) decreases considerably. (ii) By artificially fusing protoplasts of cells containing approximately the same amount of chloroplast DNA-vegetative cells together or gametic cells together-three types of diploid fusion products are produced in approximately equal frequencies: products transmitting the chloroplast alleles from both parents (BP products) and products transmitting the chloroplast alleles from one parent (UP1 products) or the other (UP2 products) exclusively (9, 10) . So, under these experimental conditions, uniparental inheritance can be produced by random drift and the equal frequencies of UP1 and UP2 products (output) reflect the equal contribution of each parental cell in terms of chloroplast DNA copies (input).
On the other hand, when vegetative protoplast cells were fused with gametic protoplast cells-i.e., with cells known to contain substantially lower amounts of chloroplast DNA (11, 12) -the UP products transmitting the allele from the vegetative parent were always in excess (10) . (iii) Polyethyleneglycol-induced fusions between fluorodeoxyuridine-treated vegetative protoplasts and untreated ones also produce an excess of fusion products transmitting the chloroplast allele from the untreated parent (8 (Table 1) carrying Mendelian markers resulting in the absence of a cell wall and in auxotrophy for arginine, as well as nonMendelian (chloroplast) markers conferring resistance to streptomycin or spectinomycin, were used in induced fusion experiments and in sexual crosses. Except during zygote maturation (see below), all experiments were conducted under continuous illumination (8,000 lx) at 25°C.
Two agar [Bacto-agar (Difco) at 15 g/liter]-solidified media were used: minimal M medium and M-N+YE medium (M medium lacking NH4Cl and enriched with yeast extract at 4 g/ liter) (15) .
Isolation and Analysis of Polyethyleneglycol-Induced Fusion Products or Vegetative Zygotes. For artificial induction of cell fusion, the mutant wall-less cells grown on M -N +YE agar medium were sampled and treated with polvethyleneglycol and CaCl2 solution as described (16) . After treatment, the cells were plated onto M medium and incubated in the light for 5-10 days until prototrophic colonies, derived from mitotic division of the fusion products, reached a size suitable for transfer and further analysis. The techniques used for analysis of cell volume, nuclear volume, .mating type, the presence of a cell wall, and the mean number of nucleoids per cell have been described (5, 8, 9, 13) .
Analysis of Chloroplast Gene Transmission in the Zygotes. In all crosses, strains resistant to streptomycin (sr) were mated with strains resistant to spectinomycin (spr). Gametes of opposite mating type were mixed for 0.5-1 hr and the suspensions, containing zygotes and unmated gametes, were plated onto M-N+YE agar medium (medium allowing the growth of wild-type and arg-mutant cells). The cell suspensions were diluted to yield 200-500 mature zygotes per plate. The plates were incubated in the light for 1 day then in the dark for 5 days to induce maturation of the zygotes. The agar surface was then scraped with a razor blade to eliminate most of the unmated vegetative cells. The remaining vegetative cells were selectively killed by inverting the plate for 35 sec over a dish containing chloroform. Zygospore germination (meiosis) and subsequent mitotic divisions of the meiotic products were obtained by incubating the plates under continuous illumination. After 4-6 days, colonies (= zygospore clones) were formed, each issued from the collective meiotic progeny of one zygospore. The colonies were individually transferred to fresh M -N +YE agar medium and then, after subsequent growth, replicated onto M-N+YE medium containing streptomycin at 500 mg/liter or spectinomycin at 100 mg/liter. The colonies resistant to one antibiotic only were classified as derived from uniparental (UP) zygospores while those able to grow on both antibiotic media were classified as derived from biparental (BP) zygospores.
RESULTS
In the first series of experiments, crosses were made between several wild or auxotroph haploid strains bearing chloroplast markers conferring resistance to streptomycin or spectinomycin. The results were independent of the nature of the chloroplast markers present in the mt+ or in the mt-parent: in all cases, the large majority of zygotes transmitted the chloroplast allele of maternal (mt+) origin (UPm zygotes); 1-4% of the zvgotes transmitted the alleles from both parents (BP zygotes) whereas the UPp zygotes, transmitting the allele of paternal origin (mt-), were the least frequent (Table 2) . These results fully agree with previously reported data (reviewed by Gillham, ref. 17) .
To carry out diploid x haploid crosses and to analyze the transmission of chloroplast genes in the triploid zygotes, homozygous mt+/mt+ or mt-/mt-and heterozygous mtI/mt diploid strains, homoplasmic for a chloroplast marker conferring resistance to an antibiotic, were constructed bv induced fusion or by sexual cross.
In each induced fusion or cross experiment, two colonies were sampled at random for analysis of diploidy per se. In all cases, we found as previously (5, 13) that the analyzed cells had a volume (50-64 ,um3) as well as a mean nucleoid number (5 or 6) characteristic of diploid cells. This confirms that fusion products able to divide and develop into prototroph colonies result from the fusion of two cells onlv. (Table 3 ).
In the crosses mt+/mt-x mt+, as observed by Gillham (1) and VanWinkle-Swift (2) (Table 4) .
Furthermore, in the crosses mt+ X mt+/mt-and mt+/mt+ X mt (Table 3) , the triploid zygotes have the same genotypical constitution mt+/mt+/mt-as far as the mt genes are concerned but, in the first cross, the transmission is predominantly paternal or biparental whereas, in the second cross, most of the zygotes transmit the maternal chloroplast alleles only. This means that the molecular events involved in the selective elimination of the paternal chloroplast DNA copies must happen before the zygote is "completed"-i.e., before fusion of the two nuclei or the two chloroplasts (or both), which occurs 2-6 hr after gamete pair formation (18, 19) . When the two nuclei and the two chloroplasts have fused, the zygotes from the first cross are in no wav different from the zygotes of the second cross. This suggests that biochemical modifications, under the control of the mt gene, must occur at a very early stage of zygote formation to determine a preferential conservation of maternal chloroplast DNA molecules. The observations thus agree with Sager's model, which postulates that the maternal chloroplast DNA is protected by modification (methylation) whereas the paternal DNA is extensively degraded before fusion of the two chloroplasts in the zygote (20) . Burton et al. (21) have shown that, within 6 hr after mating, maternal chloroplast DNA is extensively methylated to 5-methylcvtosine whereas paternal chloroplast DNA is destroyed. On the other hand, the paternal nucleoids disappear soon after mating and before chloroplast fusion in the zygote (22) .
Role of the Input. The other question we asked dealt with the role of the input of chloroplast DNA molecules contributed by each gamete. If one doubles the number of chloroplast DNA copies and nucleoids in one parent (the diploid one), does one increase the proportion of zygotes transmitting the allele from this parent to its meiotic progeny?
The comparison of crosses involving a haploid gamete of a given mating type and a diploid gamete homozygous for the same mating-type allele allows an answer to this question. Let us compare, for example, the crosses (i) haploid mt+ X haploid mt-, (ii) haploid mt+ X diploid mt-/mt-, and (iii) diploid mt'/ mt+ x diploid mt-/mt-. If one doubles the number of chloroplast DNA copies in the mt-parent while keeping the number of chloroplast DNA molecules in the mt+ parent the same (comparison between crosses i and ii), the frequency of maternal zygotes generally decreases and, in parallel, the frequency of BP and UPp zygotes increases (compare Tables 2 and  3) . Similarly, if one doubles the chloroplast DNA content of the mt+ parent in a cross with a diploid mt-/mt-parent (comparison between crosses ii and iii), the transmission is again almost exclusively maternal (compare Tables 3 and 4) .
Thus, the results reported here show that both the presence of the mt+ allele in the phenotypically mt-diploid gamete and the number of chloroplast DNA copies contributed by each parental gamete play a role in the transmission of chloroplast genes. On basis of the results from crosses of the haploid mnt+ X diploid mt-/mt-type (Table 3) , the relative importance of each factor can be tentatively discussed. In these crosses, the frequency of zygotes transmitting the chloroplast genes from the mt+ haploid parent is relatively high, which indicates that the double amount of chloroplast DNA contributed by the Mt-parent is not sufficient to offset the directional force regulated by the mt+ allele and tending to eliminate preferentially the DNA copies of paternal origin.
